Recent work in our laboratory showed that products formed by the antibody-catalyzed water-oxidation pathway can kill bacteria. Dihydrogen peroxide, the end product of this pathway, was found to be necessary, but not sufficient, for the observed efficiency of bacterial killing. The search for further bactericidal agents that might be formed along the pathway led to the recognition of an oxidant that, in its interaction with chemical probes, showed the chemical signature of ozone. Here we report that the antibodycatalyzed water-oxidation process is capable of regioselectively converting antibody-bound benzoic acid into para-hydroxy benzoic acid as well as regioselectively hydroxylating the 4-position of the phenyl ring of a single tryptophan residue located in the antibody molecule. We view the occurrence of these highly selective chemical reactions as evidence for the formation of a shortlived hydroxylating radical species within the antibody molecule. In line with our previously presented hypothesis according to which the singlet-oxygen ( 1 O* 2) induced antibody-catalyzed wateroxidation pathways proceeds via the formation of dihydrogen trioxide (H 2O3), we now consider the possibility that the hydroxylating species might be the hydrotrioxy radical HO 3
A ntibodies, regardless of origin or antigenic specificity, can convert singlet dioxygen ( 1 O* 2 ) into hydrogen peroxide (H 2 O 2 ) (1) via a process that we have postulated to involve dihydrogen trioxide (H 2 O 3 ) (2) . We have shown that, regardless of antibody specificity, this process can be used to kill bacteria, thus linking recognition and killing within the same molecule of the immune system (3) . A close analysis of the bactericidal process revealed that hydrogen-peroxide production by antibodies was necessary, but not sufficient, for the observed killing, suggesting that more aggressive oxidants may be involved. Analytical studies showed that an additional oxidant is generated in the process that possesses a chemical signature of ozone. Thus, we had hypothesized that the bactericidal potential of the antibody-catalyzed water-oxidation pathway is due to the generation of a complex cascade of redox processes that may include the formation of ozone as well as other toxic trioxygen species. The chemistry of this hypothesis has found support in quantum chemical calculations by Goddard and coworkers (4) .
Ozone itself is known to be highly bactericidal. A formation of ozone from the trioxygen species H 2 O 3 by either disproportionation or further oxidation by 1 O* 2 is expected to proceed via or be accompanied by the formation of the hydrotrioxy radical (HO 3 • ), a species deserving special consideration in the context of radicals that display the chemical signature of the notorious hydroxyl radical (HO • ) (4) . Because the end product of the antibody-catalyzed water-oxidation pathway is H 2 O 2 , its interaction with ozone could also act as a source of the very same trioxygen radical. Ozone is known to decompose in the presence of H 2 O 2 (5) to form oxidants that include species with the signature of HO • (6, 7). Here we report the regioselective hydroxylation of benzoic acid as an antigen when it is bound within the combining site of an antibody during activation of the water-oxidation pathway. Further, we show by x-ray analysis that a single tryptophan residue is hydroxylated at the 4-position of the indole ring only when the antibody-catalyzed water-oxidation pathway is activated. Both chemical events bear the signature of HO
• .
Materials and Methods
Murine IgG 4C6, WD1-6G6, and the Fab fragment of 4C6 were obtained in-house as described (1) . Bovine catalase was obtained from Sigma.
Benzoic-Acid Hydroxylation Assay. In a typical experiment, a solution of benzoic acid (2 mM) in PBS (pH 7.4) is irradiated with UV (312 nm, 0.8 W⅐cm
Ϫ2
) at room temperature in the presence or absence of antibody (4C6 or WD1-6G6, 20 M), H 2 O 2 (1 mM), or catalase (13 milliunits͞ml). At certain times, aliquots were removed (10 l) and diluted 1:3 into acetonitrile͞water (1:1). Hydroxylation of benzoic acid was followed by reversedphase HPLC (Hitachi D-7000) using a Spherisorb RP-C18 column and a mobile phase of acetonitrile and water (0.1% trifluoroacetic acid) (30:70) at a flow rate of 1 ml͞min. Localization was performed by UV detection at 254 nm (R T benzoic acid ϭ 6.35 min, R T ortho-hydroxy benzoic acid ϭ 8.57 min, R T meta-hydroxy benzoic acid ϭ 4.02 min, and R T para-hydroxy benzoic acid ϭ 3.72 min). Peak areas were converted to concentration by comparison to standard curves. ) for 30 min. Crystals of the UV-irradiated 4C6 Fab were grown as described (8) . A data set (2.51-Å resolution) was collected from a single crystal of the UV-irradiated 4C6 Fab by using 25% glycerol as a cryoprotectant. Diffraction data were recorded on a MAR Research (Hamburg) image plate detector (30 cm) mounted on a Rigaku (Tokyo) generator (100 kV, 50 mA). The data were integrated and scaled by using HKL2000 (9) . The structure of the UV-irradiated 4C6 Fab was determined by standard refinement with the program CNS (10) , starting from the refined native 4C6 Fab crystal structure (8) . Trp L163 was refined as an alanine residue to avoid potential bias in the electron-density maps.
Results and Discussion
Among our large collection of x-ray structures of antibodies, murine monoclonal antibody 4C6 (11) turned out to be of special ‡ To whom correspondence may be addressed. E-mail: foleyral@scripps.edu or paulw@scripps.edu.
interest in the context of the search for radicals generated during the antibody-mediated water-oxidation pathway, because it was discovered to bind one molecule of the widely used hydroxylradical probe, benzoic acid, within the antibody-combining site (Fig. 1A) . Interestingly, the crystal structure of 4C6 Fab also contains a unique water channel that links the interfacial region of the constant and variable domains, where we have speculated that the chemistry of the water-oxidation pathway occurs (2) , to the combining site that contains the bound benzoic acid (Fig.  1B) . It was considered that the antibody-bound benzoic acid, being so sequestered in this ''molecular reaction chamber,'' may be expected to react in situ with short-lived reactive species that, because of their low diffusion radius and high reactivity, might otherwise not be detected by the use of external probes in solution.
When a solution of sodium benzoate (2 mM) and antibody 4C6 (20 M) in PBS is irradiated with UV light (312 nm, 0.8 W⅐cm
Ϫ2
), regioselective hydroxylation of benzoic acid yields exclusively para-hydroxy benzoic acid (Fig. 2B) . No ortho-or meta-isomers were detected. The observed initial rate of formation of the para-isomer is Ϸ0.8 M͞min, and 4C6 Fab generates Ͼ10 mol equivalents (10% of substrate) of para-hydroxy benzoic acid without a significant decrease in this initial rate. The addition of catalase (13 units͞ml) during the irradiation of 4C6 does not affect the hydroxylation reaction (Fig. 2C) . The product conversion is 10% (relative to the starting concentration of benzoic acid) after 3 h of irradiation. By contrast, no hydroxylation of sodium benzoate occurs either by irradiation in PBS or when exposed to 1 O* 2 , generated by irradiation of hematoporphyrin IX (40 M) with visible light (2.7 mW⅐cm Ϫ2 ) (data not shown). Similarly, no hydroxylation is observed when benzoic acid is irradiated with UV light (312 nm, 0.8 W⅐cm
) in the (23), and the molecular surfaces were computed by using MSMS software (24) . presence of H 2 O 2 (1 mM) (Fig. 2 A) . Significantly, when this same experiment is repeated with an antibody that does not bind benzoic acid, murine IgG 6G6 (12) , no hydroxylation of benzoate is observed (Fig. 2D) .
The combined experimental observations that catalase does not affect the 4C6-catalyzed hydroxylation process, and that hydroxylation by nonspecific antibodies such as 6G6 is not detectable under our assay conditions, suggest that the hydroxylating species is being generated within the antibody fold and is sequestered and͞or very short-lived. The reaction of the HO • radical with benzoic acid in aqua has been investigated intensively and is known to lead to an isomeric mixture of hydroxy isomers, the constitution of which depends on the method of formation of the radical species, the pH of the media, and the species that oxidizes the intermediary cyclohexadienyl radical. For example, Klein et al. (13) observed that at pH 7.0, with O 3 as the oxidant, the observed ortho͞meta͞para ratio was 1:0.6:0.5. Therefore, the fact that the hydroxylation reaction of benzoic acid with 4C6 is highly regioselective is consistent with a process that occurs when the benzoic acid is bound within the antibodycombining site.
Our postulate that highly reactive intermediates are generated by the antibody-catalyzed water-oxidation process raises the question of whether the actual antibody molecule might be modified at or near the sites where they are generated. An x-ray structural analysis of the 4C6 Fab crystallized after activation of the water-oxidation pathway by UV irradiation provides a unique insight into this issue. The analysis revealed that, remarkably, only one tryptophan residue, Trp L163 , within the antibody molecule was modified (Fig. 3A) . Trp L163 is located in the constant region of the 4C6 Fab light chain, where its side chain protrudes into the interfacial region between the constant and variable domains. Only the 4-position of the indole nucleus is hydroxylated, and the hydroxyl group appears to make a hydrogen bond to a proximate water molecule (Fig. 3B) . Although Trp L163 is the most solvent-accessible tryptophan residue of the 4C6 Fab (with a solvent-accessible area of 113 Å 2 for a 1.41-Å probe radius), it is unlikely that this should be the sole reason for it being uniquely oxidized because no oxidation of Trp H97 , which possesses a nearly identical solvent-accessible area (100 Å 2 ) is observed. A more plausible explanation for the regioselective oxidation is that Trp L163 is located in close proximity to where the short-lived intermediates are generated. Under aerobic conditions in solution, it is known that ''hydroxylradical-mediated'' hydroxylation of tryptophan leads to a mixture of 4-, 5-, 6-, and 7-hydroxy tryptophan in addition to N-formylkynurenine (NFK) (14) .
The signature of the two highly regioselective hydroxylation reactions observed in this study clearly corresponds to one conventionally expected of the hydroxyl radical. In our view, however, these two reactions, when coupled with our previous evidence for the generation of ozone and H 2 O 2 during the antibody-catalyzed water-oxidation pathway, strongly imply that transient trioxygen species are being generated that can act as hydroxyl-radical equivalents. This hypothesis is supported further by quantum chemical delineations of possible reaction paths for the disproportionation and͞or oxidation of H 2 O 3 to radical species such as the [HO 2
• HO 3 • ] complex (15). A 2Fo-Fc electron-density map was calculated to 2.5 Å from a crystal structure with the tryptophan refined as alanine and contoured at 0.8 . The figure was generated in BOBSCRIPT (25) and rendered in RASTER3D (26) .
The most interesting while at the same time experimentally most elusive species that we consider to occur along the antibody-mediated water-oxidation pathway is the hydrogen trioxide radical, HO 3 • . The hydrotrioxide radical has been postulated to be an important intermediate in atmospheric processes (16) (17, 18) . However, HO 3 • has recently been detected experimentally by both Speranza (19) and Cacace and coworkers (20, 21) using Fourier-transform ion cyclotron resonance mass spectrometry and neutralizationreionization mass spectrometry, respectively, and its lifetime has been calculated to be of the order of microseconds. Our own qualitative chemical reasoning as well as quantum chemical calculations point to the potential of the HO 3 • or the [HO 2
• HO 3 • ] complex to simulate the chemistry of the hydroxyl radical. Thus, HO 3 • may undergo OH transfer to substrates via either an associative or dissociative pathway, both being driven by the extrusion of 3 O 2 as the ''leaving group'' of a substitution reaction at the hydroxyl oxygen (Fig. 4) . This presumed property conveys to the HO 3 • species the potential to act either as a masked hydroxyl radical or, via the dissociative pathway, as a source of the ''free'' hydroxyl radical. It constitutes a species through which long-lived hydroxyl-radical reactivity can be generated from dihydrogen trioxide or ozone (Fig. 4) It is tempting to consider that such a mechanistically unifying position of the HO 3 • radical may extend to other types of oxidation processes, most notably to the biological oxidation reactions catalyzed by iron-containing enzymes. Given the possibility that the iron complexes of H 2 O 3 , for instance, might form from H 2 O 2 and iron-oxene intermediates, it seems surprising that their occurrence in biological oxidation mechanisms seem not to have been considered. One of the more obvious among a number of questions to be raised in this connection refers to the mechanism of catalase action. Does that process involve a catalase-Fe(III) complex of H 2 O 3 as the central intermediate, the formation of which would involve the nucleophilic addition of H 2 O 2 to the oxenoid catalase species and decomposition of which to the catalase-Fe(III)-aqua complex and triplet oxygen would constitutionally (but not with regard to spin multiplicity) correspond to the known decomposition of H 2 O 3 to H 2 O and singlet oxygen (22) ?
Although it is usually difficult to obtain direct evidence for the existence of such short-lived radical species in biological systems, we were able to do so because of the special circumstances of the high effective molarity, and perhaps activation, of the benzoicacid probe offered by its sequestration within the antibody 4C6-combining site. The regioselective hydroxylation of benzoic acid is an observation that, beside its mechanistic significance in terms of the antibody-catalyzed water-oxidation pathway, is also important, because it demonstrates unequivocally that antibodies can catalyze reactions that chemically modify their antigens. 
